Data on ecosystem-scale methane (CH 4 enhanced the anaerobic CH 4 production in the surface layer that had more labile organic matter. However, the CH 4 emission also increased when the GWL dropped during dry spells in the wet season. The annual CH 4 budget in the studied tropical peat swamp forest (0.09-0.17 g C m −2 year −1 ) was much lower than that in northern, temperate, and subtropical wetlands. We found that CH 4 fluxes had almost no effect on the global warming gas budget of the peat swamp forest, and values were only a few percent less than the CO 2 fluxes at the same site. In addition, we conducted anaerobic soil incubation experiments to examine the effect of land-use change on CH 4 production. The results indicated much higher CH 4 production potential in undrained forest soil than in drained or drained and burned ex-forest soils. However, although CH 4 production decreased in drained soils relative to undrained soils, conserving pristine peat swamp forests with high GWLs is important to suppress global warming because CO 2 emissions increase in drained peatlands.
have not yet been reported, although these peatlands have the potential to emit CH 4 . We observed 1-year variations in the ecosystem-scale CH 4 flux in an undrained secondary peat swamp forest in central Kalimantan, Indonesia, using the eddy covariance method. We found that the peat swamp forest switched from being a CH 4 sink during the dry season (as low as −8.9 mg C m −2 day −1 ) to a source of CH 4 during the wet season (up to 10.7 mg C m −2 day −1 ), and this was dependent on changes in the groundwater level (GWL). The high GWL during the wet season enhanced the anaerobic CH 4 production in the surface layer that had more labile organic matter. However, the CH 4 emission also increased when the GWL dropped during dry spells in the wet season. The annual CH 4 budget in the studied tropical peat swamp forest (0.09-0.17 g C m −2 year −1 ) was much lower than that in northern, temperate, and subtropical wetlands. We found that CH 4 fluxes had almost no effect on the global warming gas budget of the peat swamp forest, and values were only a few percent less than the CO 2 fluxes at the same site. In addition, we conducted anaerobic soil incubation experiments to examine the effect of land-use change on CH 4 production. The results indicated much higher CH 4 production potential in undrained forest soil than in drained or drained and burned ex-forest soils. However, although CH 4 production decreased in drained soils relative to undrained soils, conserving pristine peat swamp forests with high GWLs is important to suppress global warming because CO 2 emissions increase in drained peatlands.
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| INTRODUCTION
Despite its low atmospheric abundance, methane (CH 4 ) is an important greenhouse gas. CH 4 accounts for approximately 32% of the global radiative forcing, and it has 34 times higher global warming potential over a 100-year time horizon than does carbon dioxide (CO 2 ) (including climate-carbon feedbacks, Myhre et al., 2013) . The atmospheric CH 4 concentration has more than doubled since preindustrial times, showing a rapid increase until 1999, after which it remained nearly constant until 2006. Since 2007, the atmospheric CH 4 concentration has again been increasing, likely due to a combination of anomalously high temperatures in the Arctic region and more precipitation in the tropical regions (Dlugokencky et al., 2009 ). Although major CH 4 sources (i.e., wetlands, rice paddies, biomass burning, and fossil fuels) have been identified (Kirschke et al., 2013) , we still lack a complete understanding of the various natural CH 4 sinks and sources that could be significant factors in the global variations in CH 4 abundance. The quantification of natural sinks and sources of CH 4 is needed to improve bottom-up studies.
Specifically, there is a lack of data on the ecosystem-scale CH 4 flux in tropical peatlands. Satellite observations indicate significantly strong CH 4 emissions over South-East Asia, which are related to the presence of broadleaf evergreen forest, as indicated by the analysis of near-infrared spectra recorded by the SCIAMACHY instrument onboard ENVISAT (Frankenberg, Meirink, van Weele, Platt, & Wagner, 2005) .
However, strong CH 4 sources have not yet been identified in SouthEast Asia from ground-based observations. The tropical peatlands in South-East Asia store a vast amount of carbon, with an estimated peat carbon pool of 68.5 Gt, which is equal to 11-14% of the global peat carbon pool (Page, Rieley, & Banks, 2011) . Waterlogged organic matter in tropical peat soil can release potentially large volumes of CH 4 into the atmosphere, as CH 4 is produced by methanogenic archaea during the anaerobic digestion of organic matter (Takai, 1970) .
A small number of CH 4 flux measurements have been conducted using closed chambers and soil incubation experiments in the tropical peat swamp forests of South-East Asia (Hirano, Jauhiainen, Inoue, & Takahashi, 2009; Inubushi, Furukawa, Hadi, Purnomo, & Tsuruta, 2003; Inubushi et al., 2005; Jauhiainen, Limin, Silvennoinen, & Vasander, 2008; Jauhiainen, Silvennoinen, Könönen, Limin, & Vasander, 2016; Jauhiainen, Takahashi, Heikkinen, Martikainen, & Vasander, 2005; Melling, Hatano, & Goh, 2005) . In contrast with the high expected emissions due to the high temperatures and waterlogged conditions, the CH 4 emissions from tropical peat swamp forest were reported to be lower than were those from temperate and boreal wetlands (Couwenberg, Dommain, & Joosten, 2010; Inubushi et al., 2005) .
One explanation for this result is that the woody debris in tropical peat swamp forests is more persistent than the mosses, sedges, and herbs that are found in temperate and boreal peatlands. The persistence of the woody debris is ascribed to its high lignin content, which is recalcitrant to anaerobic decay (Miyajima, Wada, Hanba, & Vijarnsorn, 1997) .
Chamber methods are useful for understanding the processes that control CH 4 fluxes at small spatial scales. However, the small footprint of the measurements creates a scaling problem (Denmead, 1994) when estimating the spatiotemporally heterogeneous CH 4 fluxes in a tropical peat swamp forest. These forests are characterized by hollows and hummocks, and the water table changes between the wet and dry seasons (Jauhiainen et al., 2005 
| MATERIALS AND METHODS

| Site description
The study site (2.32°S, 113.90°E) is located near Palangkaraya, which is the capital city of Central Kalimantan Province, Indonesia. The site was selectively logged until the late 1990s, but it still has a relatively intact forest and was designated a National Park in 2006. Although no large canal has been excavated in the study area, a network of small canals was constructed during a period of illegal logging, and this network still remains ( Figure 1a ). These canals influence the forest hydrology; however, they are relatively small in terms of their cross-section dimensions (i.e.,~1.0-1.5 m wide ×~0.5-1.0 m deep), and the annual cycle of the GWL in the study area is almost the same as that under natural conditions (Page et al., 2009) . Our research site is located in an undrained secondary forest ( Figure 1a) that is identical to the undrained peat swamp forest (UF) site in Hirano et al. (2012) and Itoh, Okimoto, Hirano, and Kusin (2017) ; furthermore, the study site is located in the interior area above the river-flooding zone. The study area has original forest cover that is almost in a steady state, and the dominant tree species include Combretocarpus rotundatus, Cratoxylum arborescens, Buchanania sessilifolia, and Tetramerista glabra (Tuah, Jamal, & Limin, 2003) , which are common species in the mixed peat swamp forests of South-East Asia (Anderson, 1963; Brady, 1997; Mirmanto, 2010 Hirano et al., 2012) .
The soil surface is covered with thick tree debris, which is composed of mainly leaf litter, and only a few herbaceous plants grow on the soil surface. The forest floor is uneven, with hummocks and hollows.
The hummocks, which form on the dense tree roots, are surrounded by the hollows, which create networks of open soil surfaces between the hummocks. The hummocks are typically 0.2-0.3 m higher than are the hollow surfaces (Jauhiainen et al., 2005) . In the UF site, the area composed of hollows was estimated to include 65%-80% of the forest floor during the wet season, and this ratio varies throughout the season, that is, hollows move slowly from the interior to the swamp edge during the wet season (Jauhiainen et al., The climate in Central Kalimantan is classified as humid tropic.
The annual pattern of rainfall is determined by two main monsoon systems, that is, a southeast dry monsoon and a northeast wet monsoon. Over 14 years (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , the annual precipitation and air temperature at a drained peat swamp forest (DF site) near the research site were 2546 ± 466 mm and 26.2 ± 0.2°C, respectively (mean ± 1 SD) (Itoh et al., 2017) . The groundwater level (GWL) varied seasonally, depending on the seasonal rainfall variations.
At the UF site, a 35-m tower was built in 2004 on flat terrain for the purpose of taking flux measurements. The ecosystem-scale fluxes of heat, water, and CO 2 have been measured continuously at this site using the eddy covariance method (Hirano et al., 2012) . The fetch for the flux measurement is longer than 1 km in all directions (Hirano et al., 2012) . From a footprint analysis (Kormann & Meixner, 2001 ), the average 90% footprint area for the observation year was 650 m in the upwind direction, and all analyzed CH 4 flux data originated from the forested area as shown in Figure 1a .
| Flux measurements
The CH 4 flux was measured using the eddy covariance method were measured, and their 30-min means were recorded (Hirano et al., 2007) . The GWL was measured hourly at one location; this measurement took place at a hollow using perforated PVC pipes, and the distance of the groundwater from the surface was measured using a water pressure sensor (HTV-050KP; Sensez, Tokyo, Japan).
The zero position of the GWL was set at the level of the hollow surface. The volumetric soil moisture was measured between depths of 0 and 0.2 m at one point in a hollow and one point in a hummock, respectively, which were approximately 5 m from the flux tower; the volumetric soil moisture was measured using time domain reflectometry (TDR) (CS616; Campbell Scientific) moisture probes. The soil temperature was measured at a depth of 0.05 m at one point in a hummock using a handmade thermocouple. The air temperature and relative humidity were measured at a height of 36.5 m using a platinum resistance thermometer and capacity hygrometer (HMP45, Vaisala, Helsinki, Finland) installed in a nonventilated shield (DTR 503A;
Vaisala). The incoming photosynthetic photon flux density (PPFD) 
| Flux calculation
The 30-min mean eddy CH 4 flux (F CH4 ) was calculated from the 10-Hz data using the following procedures. First, a 5-Hz moving average filter was applied only to the CH 4 mole density data, and this filter was applied to remove high-frequency noise. Second, data spikes were removed (Vickers & Mahrt, 1997) . Third, any time lags in the signals from the different analyzers were corrected by shifting the 10-Hz data. Fourth, the double-rotation method was applied to the sonic anemometer velocities (McMillen, 1988) . Fifth, the high-frequency loss in the open-path system caused by sensor separation and line averaging was corrected (Massman, 2000 (Massman, , 2001 . Finally, the Webb, Pearman, Leuning (WPL) correction for the effect of air density fluctuations (Webb, Pearman, & Leuning, 1980 ) was applied to 
where w 0 q 0 cm is the covariance of the vertical wind velocity w and the measured CH 4 mass density before the correction q cm , μ is the ratio of the dry air formula weight to the water vapor molecular weight, q d is the mass density of dry air, w 0 q 0 v is the covariance of w and the H 2 O mass density q v , σ is the ratio of water vapor mass density to dry air mass density, and w′T′ is the covariance of w and the air temperature T. The overbars indicate the time-averaged quantities. The coefficient A accounts for the spectroscopic effects of temperature, pressure, and water vapor on CH 4 density; B provides spectroscopic corrections to the latent heat flux term for pressure and water vapor; and C provides spectroscopic corrections to the sensible heat flux term for temperature, pressure, and water vapor (Li-Cor Inc., 2010). To avoid flow distortion by the tower, the data were used only when the wind direction was 135-315 degrees from the north. All F CH4 were rejected when they did not meet the stationary criteria (Foken & Wichura, 1996) . In addition, any F CH4 with many spikes and abnormal skewness and kurtosis were rejected (Vickers & Mahrt, 1997) . All F CH4 were rejected when the RSSI was <10%, because the CH 4 mole density became noisy below this threshold. The CH 4 storage flux (S CH4 ) was calculated every 30 min using the CH 4 concentrations that were continuously measured above the canopy (Greco & Baldocchi, 1996) using the open-path CH 4 analyzer was used for the flux measurements. The net ecosystem CH 4 exchange (NEE-CH 4 ) was calculated as the sum of F CH4 and S CH4 . The friction velocity (u * ) threshold was used to examine the underestimation of the NEE-CH 4 under calm conditions at night when the PPFD was lower than 5 μmol m −2 s −1
. However, the u * threshold was not applied to F CH4 , as the nighttime NEE-CH 4 was independent of u * . Instead, the influence of the u * threshold on the annual NEE-CH 4 was quantified by comparing the fluxes with and without the u * threshold; this comparison was done using a previously examined u * threshold of 0.15 m/s for the CO 2 flux data (Hirano et al., 2012) . After these criteria were applied, the total amount of NEE-CH 4 data that survived with and without the u * threshold accounted for 17.4% and 15.7%, respectively, of the entire data series. Gaps in the NEE-CH 4 up to 2.5 hrs were filled using linear interpolation, and longer gaps of several hours were filled using the mean diurnal variation method. In this method, missing data were replaced with the NEE-CH 4 at the same time using an ensemble-averaged diurnal variation from 14 adjacent days (averaged for the same period) (Falge et al., 2001 ). The F CH4 was gap-filled using the mean diurnal variation method, which was similar to that used for the NEE- 
| CH 4 production in soils during anaerobic incubation
We conducted anaerobic incubation experiments on the soils from the research site to investigate the potential CH 4 production. In addition, we conducted anaerobic incubation experiments under the same conditions on soils from heavily drained peat forest (DF) and drained burnt ex-forest (DB) to examine the influence of the disturbance. Both sites were drained by a large canal (width: 25 m, depth:
3.5-4.5 m) that was excavated in 1996 and 1997 (Page et al., 2009 ).
The drained forest (2.35°S, 114.14°E; DF in Figure 1 ) was a secondary forest that was selectively logged until the end of the 1990s.
The dominant tree species and microtopography of the forest floor resembled those at the UF site. The DB site (2.34°S, 114.04°E; DB in analysis is recommended and widely used, especially for temperate soils (Wollum, 1982) , to slow microbial growth within the samples.
However, some studies have indicated that cold storage is unsuitable for tropical soils because the microbial communities are not adapted to low temperatures (Arnold, Corre, & Veldkamp, 2008; Verchot, 1999) ; thus, cold storage can suppress the microbial activity and decomposition of labile organic matter in the sample. However, the incubation experiment still provided a relative index of microbial function (Lee, Lorenz, Dick, & Dick, 2007) that could be used to compare the differences in anaerobic CH 4 production between landuse types even after the cold storage of peat samples. Following the method described by Sakabe et al. (2015) , after the removal of the coarse and fine live roots, the woody debris, and the leaf litter, the wet soil samples (15 g) were submerged in 18 mL of distilled water in 45-mL glass vials. The vials were sealed with butyl rubber stoppers and capped with plastic caps (n = 10 for UF, and n = 3 for both DF and DB). The soil solutions were purged with pure N 2 gas, and the headspace gas was completely replaced with N 2 gas. The vials were incubated under static conditions in the dark at 25°C, which corresponded to the annual mean soil temperature at the depth of 0.05 m at the UF site. The measurements were carried out 1, 2, 5, 8, 15, 22, and 28 days after the start of incubation at the UF site; for the DF and DB sites, measurements were taken 1, 3, 7, 14, and 28 days after the start of incubation. To measure the CH 4 concentrations, the gas in the vial headspace was sampled and injected into a gas chromatograph equipped with a flame ionization detector (GC-2014; Shimazu, Kyoto, Japan); this process was conducted using a gas-tight syringe (injection volume of 0.2 mL for each measurement). We calculated the CH 4 production rates under anaerobic conditions by dividing the amount of increase in the CH 4 concentration by the incubation period. The potential CH 4 production rates (μg C kg −1 dry peat day
) were expressed on a dry soil mass basis (oven dried at 105°C for 120 hrs).
| Statistical analysis
One-way analysis of variance (ANOVA) and post hoc Tukey tests 
| RESULTS
| Seasonal variations in environmental variables
From June 1, 2016, to May 31, 2017, the annual precipitation at the research site was 2779 mm, and the mean air temperature was 26.6°C. The dry season, which was defined by a threshold of monthly precipitation <100 mm (Malhi et al., 2002) , lasted from July 2016 (84.8 mm) to August 2016 (43.7 mm). Over the 14-year period (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , the annual precipitation and air temperature at the DF site were 2546 ± 466 mm and 26.2 ± 0.2°C, respectively (mean ± 1 SD) (Itoh et al., 2017) , and the dry season generally started in July and lasted through September (Hirano et al., 2012) . Therefore, during our observation year, the climate was characterized by above-average precipitation and a relatively short dry season.
The seasonal variations in the GWL were similar to those in the precipitation. The GWL started to decline in early in June 2016, and it dropped below −0.2 m on 6 July in Period 2 (arrow A in Figure 2b ) and reached a minimum on 14 September (−0.53 m) (arrow B in Figure 2b ).
Afterward, the GWL started to increase with the increase in precipitation. The GWL exceeded −0.2 m after 3 November in Period 3 (arrow C in Figure 2b ), and the GWL was aboveground at the beginning in early May 2017 ( Figure 2b) ; finally, the GWL remained above −0.2 m until the end of the measurement period. The average GWL in Period 2 was significantly lower than that in the other periods (Table 1) than that in the other periods (Table 1 ). The average soil moisture at the hollow was almost constant during Periods 1, 3, and 4 (Table 1, Figure 2b) ; however, the average soil moisture at the hollow in Period 4 was slightly higher than that in the other periods (Table 1) was significantly lower than that in the other periods (Table 1 ). In contrast to the soil moisture at the hollow, the soil moisture at the hummock was almost constant during Period 2 (Table 1, Figure 2b ).
| Seasonal variation in CH 4 flux
The NEE-CH 4 showed seasonal variations, with negative NEE-CH 4 (i.e., The NEE-CH 4 and GWL were significantly correlated, although the correlation was weak (Figure 4a ). From Periods 1 to 4, the quadratic relationship indicated that the NEE-CH 4 switched from being negative (i.e., CH 4 uptake) to positive (i.e., CH 4 emission) when the GWL was −0.112 m (Figure 4a ). There was a weak negative correlation between the NEE-CH 4 and the soil temperature (Figure 4b ). On the other hand, the CH 4 efflux increased as the soil temperature increased during the Subperiods 4-3 and 4-4 (R 2 = 0.36, p = 0.03
and R 2 = 0.51, p < 0.01, respectively).
| Diurnal variations in CH 4 fluxes
The mean diurnal variations in the CH 4 flux differed among the four periods. The F CH4 was negative in Periods 1 and 2 and positive in Period 4 for the entire day (Figure 5a ). The F CH4 was more negative during the day when the PPFD was higher than 5 μmol m −2 s −1 in Periods 1-3; additionally, the values were more positive in the morning during Periods 3 and 4 ( Figure 5a ). The S CH4 was negative in the morning from 07:00 to midday (12:00), and a negative peak occurred between 07:00 and 09:00 in all the periods (Figure 5b ). In Periods 1-3, the NEE-CH 4 , that is, the sum of F CH4 and S CH4 , was negative during the day, while it was slightly positive (<12 mg C m −2 day −1
) at night when the PPFD was lower than 5 μmol m −2 s −1 (Figure 5c ). In Period 4, the NEE-CH 4 was positive from the afternoon to the early morning, and the emission varied from 1.5 to 11.3 mg C m −2 day −1 during this period. The negative S CH4 compensated for the large positive F CH4 in the morning (Figure 5c ). The magnitude of the NEE-CH 4 from 08:00 to 10:00 had large uncertainties for the limited available data and changes in the S CH4 (Data S1). The nighttime NEE-CH 4 was significantly higher than the daytime NEE-CH 4 in all periods (p < 0.01).
| Annual budget of CH 4 fluxes
We calculated the annual budgets of both the NEE-CH 4 and the 
| Soil incubation experiment used to investigate potential CH 4 production
Within 8 days after incubation, the CH 4 production rates of the soil from the UF site were <30 μg C kg −1 dry peat day −1 ; however, the rate increased to 108.4 ± 16.3 (mean ± 1 SE) μg C kg −1 dry peat day −1 28 days after the start of incubation (Figure 6 ). This late increase in the CH 4 production rate differentiated the UF site from the other two sites. The CH 4 production rate at the UF site was still increasing 28 days after the start of incubation. At the DF and DB sites, the CH 4 production rates were lower than those at the UF site, and they decreased after the start of the incubation period (Figure 6 ). The CH 4 production rates at the DF and DB sites were 1.1 ± 0.1 and 0.7 ± 0.1 (mean ± 1 SE) μg C kg −1 dry peat day
, respectively, 28 days after the start of incubation. The CH 4 production rate at the UF site was significantly higher than the rates at the DF and DB sites 28 days after the start of incubation (p < 0.01). At the DF site, the CH 4 production rates were almost constant throughout the experimental period after the third day of incubation. At the DB site, the CH 4 production rates decreased slightly throughout the experimental period. The CH 4 production rate at the DF site was higher than that at DB site after the third day of incubation.
| DISCUSSION
| Seasonal variations in CH 4 fluxes
The undrained secondary peat swamp forest (UF) switched from being a CH 4 sink during Periods 1-3 to a source of CH 4 during Period 4, and this was dependent on the GWL (Figure 2c ). The GWL was found to be the most important environmental factor that The changes in the GWL influenced the aerobic and anaerobic decomposition by determining both the depth of the oxic peat where CH 4 was oxidized and the waterlogged layer where CH 4 was produced. A rise in the GWL would increase the CH 4 production layer and reduce the oxidation layer. Moreover, as shown by the anaerobic soil incubation experiment, the CH 4 production potential increased with the duration of the waterlogged conditions ( Figure 6 ).
The GWL threshold for the CH 4 efflux/influx (−0.112 m) was similar to those indicated by previous chamber studies. Hirano et al. (2009) conducted measurements on soil CH 4 flux at the same site and found that an increase in the GWL increased the potential for CH 4 efflux, and these conditions were met when the GWL was close to or above −0.2 m. Jauhiainen et al. (2008) ) when the GWL was close to or at the peat surface. However, under low GWL conditions, the CH 4 emission rates were lower, and under the driest conditions, the uptake of CH 4 was observed even in the hollows. At the UF site, the soil moisture we measured in the hollow continued to decrease from July to October (Figure 2b ). The uptake of CH 4 was observed during this period at the ecosystem scale (Figure 2c) , likely because the CH 4 uptake in the drier parts exceeded the emission of CH 4 from the wetter parts (i.e., the hollows).
The GWL also influences the substrate availability for CH 4 production, that is, the changes in the GWL determine whether the surface labile organic matter is decomposed aerobically or anaerobically.
The supply of labile organic matter is largely restricted to the surface peat (Brady, 1997; Yule, 2010) . Recently, Könönen et al. (2016) found that the surface peat in the forest contained more labile compounds (i.e., hemicelluloses, extractives, uronic acids, and cellulose)
than did the deeper peat in the area of the UF site. Our observations also showed that litterfall started to increase at the beginning of the dry season, and the leaf area index slightly decreased at the end of the dry season (data not shown); thus, the organic matter inputs were considered to be the most abundant during Period 2 and Period 3. However, in Period 2 with the low GWL and organic matter above the GWL, including labile organic matter in surface peat, organic matter was aerobically decomposed. Therefore, only the deep recalcitrant organic matter would be decomposed anaerobically, and the CH 4 production would be low. In Period 3, after the end of the dry period, most of the labile material would have been decomposed aerobically; therefore, new labile material would need to accumulate before the CH 4 fluxes could become high again. On the other hand, in Period 4 with the high GWL, even the labile organic matter in the surface peat became available for the anaerobic decomposers; therefore, the CH 4 production was high. These explanations are consistent with reports that the CH 4 production potential decreases in the deep peat layers because of the limited substrate availability in tropical peatlands Miyajima et al., 1997) .
In several studies, seasonal relationships have been reported between the GWL and the CH 4 fluxes (Hirano et al., 2009; Jauhiainen et al., 2005 Jauhiainen et al., , 2008 Melling et al., 2005) ; however, how the GWL dynamics influenced the daily CH 4 fluxes was not well understood. From our continuous measurements, we detected a CH 4 flush with the GWL drop in Period 4 (Figure 3 ). The lower GWL results in the loss of buoyancy of the upper peat; thus, this increases the weight that presses down on the lower peat layers (Price, 2003) .
This pressure then triggers the ebullition of CH 4 that has accumulated in these lower peat layers (Couwenberg et al., 2010) . This ebullition release undergoes little oxidation during its rapid transport through the oxic zone (Han et al., 2005) . A similar phenomenon of CH 4 flush during bouts of low GWL has been observed in several studies (Comas, Slater, & Reeve, 2007; Han et al., 2005; al., 2005; Moore, Roulet, & Knowles, 1990) and was confirmed in a F I G U R E 6 The potential production rates of CH 4 of the sampled soils at each site; values were measured 1, 2, 5, 8, 15, 22, and 28 days after the first measurement day for the undrained secondary peat swamp forest (UF) soil, and 1, 3, 7, 14, and 28 days after the first measurement day for the drained (DF) and drained burned ex-forest (DB) soils. The samples were incubated at 25°C. Means and standard errors (error bars) are shown (n = 10 for UF and n = 3 for DF and DB) SAKABE ET AL.
| 5131 laboratory study that used boreal and subarctic peat columns and controlled the water level (Moore & Roulet, 1993) .
Soil temperature is often used to explain the CH 4 flux in temperate and boreal sites, as temperature influences microbial activity, including methanogens and methanotrophs. At our site, there was a weak negative correlation (R 2 = 0.19, p < 0.0001) between the soil temperature and the CH 4 flux. The negative correlation could be related to the low soil temperature in Period 4 (i.e., the period with the high GWL). During Period 4, the daily average precipitation and soil moisture at the hummock were the highest (Table 1) , and the relatively wet conditions were suitable for CH 4 production. Soil temperature can be low under wet soil conditions because of the lower heat conduction into the peat. A layer of water above the peat surface acts as a thermal reservoir with large heat capacity, and flooded soils lose latent heat through evaporation (Kwon, Haraguchi, & Kang, 2013; Moore et al., 1990) . On the other hand, during the Subperiods 4-3 and 4-4 of Period 4, the higher soil temperature could have promoted CH 4 production in the relatively wet conditions. Another possible explanation for the relationship between the NEE-CH 4 and the soil temperature was that the higher soil temperature in the relatively dry Periods 1-3 may have promoted CH 4 oxidation.
However, the relationships between CH 4 fluxes and GWL and soil temperature were weak; thus, to improve the modeling of wetland CH 4 fluxes, variables other than the GWL and the soil temperature need to be investigated. For example, in a review paper, the annual CH 4 budgets in tropical peatlands were strongly related to
] ratios, and soil cation exchange capacity (Hergoualc'h & Verchot, 2014) . Information about these soil properties might improve our understanding of variations in CH 4 flux.
In the Amazon basin, CH 4 emissions were lower during periods with a low GWL, but sites did not switch from CH 4 sources to sinks between the dry and wet seasons (range; 6.7 to 47.2 mg C m Teh, Murphy, Berrio, Boom, & Page, 2017) . During their observation period, the GWL was much higher (i.e., the lowest value was −0.132 m in the dry season) than that in our observation period. This suggests that our site can also be a CH 4 source, even in the dry period, if the GWL is kept at a high level.
| Comparison of the ranges of CH 4 fluxes
We compared our annual NEE of CH 4 with the results from the chamber-based measurements from tropical peat swamp forests in the same area in South-East Asia. Hirano et al. (2009) ) was much higher than the annual soil CH 4 emissions from tropical peatlands because the CH 4 flux was considered to include aboveground CH 4 emissions, mainly from tree stems (Wong et al., 2018) . At our site, there might not be tree CH 4 emissions. Some trees growing in inundated conditions have recently been identified to emit CH 4 , and the tree emission could be significant in tropical peat swamp forests that experience seasonal inundation (Pangala, Moore, Hornibrook, & Gauci, 2013; Rice et al., 2010) . Some species have been reported to emit significant quantities of CH 4 , while others, for example, Cratoxylum arborescens that was found at our site, do not emit measurable CH 4 (Pangala et al., 2013) . If some of the tree species at our site emitted CH 4 , annual CH 4 budgets by the eddy covariance would be higher than those by the soil chamber methods because the CH 4 emission was included in the former, and it was excluded from the latter.
The annual CH 4 emission in the tropical peat swamp forest was much lower than that reported in northern, temperate, and subtropical wetlands. According to a synthesis of CH 4 emissions from 71 northern, temperate, and subtropical wetlands, the mean CH 4 fluxes (±1 SD) were 30.7 ± 5.1 g C m −2 year −1 in subarctic wetlands (n = 9); 19.9 ± 1.7 g C m −2 year −1 in boreal wetlands (n = 24);
29.8 ± 5 g C m −2 year −1 in temperate wetlands (n = 16); and 13.2 ± 1.5 g C m −2 year −1 in subtropical wetlands (n = 2) (Turetsky et al., 2014) . The low CH 4 emission from tropical peatlands was likely related to the recalcitrance of the peat. In northern peatlands, the organic matter is derived mainly from herbaceous plants and mosses; in contrast, in tropical peatlands, the peats are primarily formed from woody coarse materials that are resistant to decomposition due to their high polyphenol content (e.g., lignin) (Miyajima et al., 1997) . As mentioned in the section above, the labile components in the near-surface layers are depleted quickly by aerobic decomposition, and only the remaining material with higher recalcitrance remains to serve as substrate for methanogenesis. Another probable reason for the low CH 4 emission in tropical peatlands is that the conditions are too acidic for CH 4 production because of the high polyphenol content. Most methanogenic bacteria grow only within a narrow pH range of neutral conditions (Garcia, Patel, & Ollivier, 2000; Wang et al., 1999) . In a review of CH 4 fluxes from different land-use types of peatland in South-East Asia, including peat swamp forests, the CH 4 emissions increased with the increase in pH (Hergoualc'h & Verchot, 2014) . Inubushi et al. (2005) reported that the high acidity in the South Kalimantan wetlands (i.e., pH 3.8-5) inhibited the CH 4 production activity by methanogenesis compared with the Sphagnum-dominated temperate wetlands (i.e., pH 5-7). A significant reduction in CH 4 production potential was observed in a northern fen after the pH of peat slurry was lowered from 7 to 5.5 (Valentine, Holland, & Schimel, 1994) . The annual average pH in an undrained peat swamp forest (2°19′S, 113°53′E) close to our site was 3.42 ; therefore, the particularly low pH at our site could lead to low CH 4 emission.
On the other hand, the range of the CH 4 uptake at our site (as low as −8.9 mg C m −2 day −1
) was higher than that observed in temperate forests. Smith et al. (2000) reported that the CH 4 uptake ranged from −0.05 to −3.6 mg C m −2 day −1 in forests located in six countries of northern Europe. Morishita et al. (2007) reported that the CH 4 uptake ranged from −0.05 to −4.3 mg C m −2 day −1 in 26 forest sites located throughout Japan. The low bulk density (0.11 g/ cm 3 at a depth of 0-0.05 m) at our site (Itoh et al., 2017) could lead to high gaseous permeability and could result in high CH 4 uptake. This is because CH 4 oxidation in the subsurface layer is limited by gas diffusion (oxygen and CH 4 ) from the atmosphere (Ishizuka et al., 2009; Morishita et al., 2007) .
| Relationship between land use and CH 4 fluxes
The CH 4 fluxes could differ based on the land-use history and the type of peatland, as shown by the anaerobic soil incubation experiment ( Figure 6 ). The explanation for why the CH 4 production rates increased in the UF site while they decreased in the DF and DB sites in the incubation experiment is probably because the quality and quantity of the labile organic matter that became substrate for CH 4 production decreased as the result of land-use change. Könönen et al. (2016) analyzed peat in the same area and reported that the distribution of labile and recalcitrant peat carbon compounds could be altered by both drainage and fires. At the DF site, the GWL was always lower than that at the UF site, and the low GWL could lead to an increase in the potential for aerobic decomposition deeper in the peat profile.
In addition, at the DB site, some of the readily decomposable fresh litter had been burned, and the peat was enriched with recalcitrant acid insoluble lignin compared with the forest sites . Accordingly, more field measurements are needed to compare the CH 4 fluxes among various types of tropical peatlands.
| Comparison with CO 2 fluxes
The mean annual NEE (±1 SD) of the CO 2 flux for four years at the same site (UF) was 174 ± 203 g C m −2 year −1 (Hirano et al., 2012) . By converting the annual NEE of the CH 4 flux into CO 2 equivalents using a global warming potential of 34, the NEE of the CH 4 flux formed less than a few percentage points of the NEE of the CO 2 flux. Although CH 4 is an important global warming gas, our direct field measurements indicated an almost negligible effect of CH 4 fluxes on the global warming gas budget of the undrained secondary peat swamp forest.
Finally, we examined the influence of land-use change on the CO 2 and CH 4 fluxes. According to Hirano et al. (2012) Wilson et al., 2016; Jauhiainen et al., 2016) , it is important to conserve pristine peat swamp forests with high GWLs to suppress climate change. 
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